Infantile osteopetrosis is a lethal disorder resulting from a severe defect in the ability of osteoclasts to resorb bone. The only therapy shown to be capable of providing lasting benefit is allogeneic hematopoietic stem cell transplantation (HCT). We report the outcome of 10 patients with infantile malignant osteopetrosis treated with HCT from an HLA A, B, DRB1 matched (n = 6) or A or B locus mismatched (n = 4) family member or unrelated donor at the University of Minnesota between 1978 and 1997. Eight of 10 patients achieved primary engraftment; secondary graft failure was seen in two patients. Five of 10 patients survive; three with full or partial donor chimerism and two with autologous hematological recovery. Transient or partial donor chimerism can be sufficient to correct the hematological manifestations of osteopetrosis. We recommend early referral for consideration of HCT with a related or unrelated donor as neurosensory manifestations of osteopetrosis are generally not reversible. Donor engraftment may be easier to achieve early in the course of the disease.
been described in these patients, and this appears to be associated with osteoclast dysfunction. 4 Children with osteopetrosis are severely impaired if left untreated and only 30% survive to the age of 6 years. 1 Reported treatments of infantile osteopetrosis include supportive care measures, dietary regimens to reduce calcium and increase phosphate intake, vitamin D, parathyroid hormone and calcitonin infusions to induce bone resorption. 3 These measures have all been largely unsuccessful. The use of gamma interferon enhances bone resorption and leukocyte function, 4 but the effects on morbidity and survival remain unclear. Allogeneic transplantation from an HLA-matched family member or unrelated donor has been shown in a small number of cases to be effective in reconstituting normal hematopoiesis. This can lead to immune recovery, bone remodeling, improved growth and survival. [5] [6] [7] [8] [9] [10] [11] [12] In this study we report the outcomes of 10 patients with infantile osteopetrosis, transplanted at the University of Minnesota between 1978 and 1997. The data indicate that allogeneic HCT can be an effective therapeutic option for these children.
Patients and methods

Patients
Clinical and laboratory data were retrieved from the University of Minnesota HCT database, which systematically and prospectively collects data on all consecutively transplanted patients. The marrow transplant protocols and consent forms are approved by the Institutional Review Board of the University of Minnesota. Ten patients (median age 9.5 months) with infantile malignant osteopetrosis were treated with allogeneic HCT between 1978 and 1997. The diagnosis of osteopetrosis was based on skeletal radiologic changes of uniformly dense sclerotic bone, absent medullary cavities on long bone X-rays, extramedullary hematopoiesis, anemia with leukoerythroblastosis, neurosensory defects and bone biopsies consistent with osteopetrosis. Table 1 shows the characteristics of patients with infantile osteopetrosis. UPN 0070 has been described previously. 6 Seven patients were male. All patients had evidence of radiologic skeletal changes, bone marrow fibrosis and extramedullary hematopoiesis. Eight patients had abnormal visual evoked responses with varying degrees of clinical visual impairment. Three patients required optic nerve decompression prior to transplant. Four patients presented with abnormal auditory brain stem evoked responses and impaired hearing. All patients showed varying degrees of developmental delay and all were noted to be macrocephalic; two required ventriculo-peritoneal shunt placement prior to transplant. One patient presented with generalized hypotonia and global developmental delay. Two patients had multiple cranial nerve palsies and one patient had pseudotumor cerebri of unknown etiology. UPNs 0306 and 2270 are full biological siblings.
Preparative regimen
Preparative regimens are shown in Table 2 . Nine patients received cyclophosphamide 60 mg/kg for 2 days and the remaining patient, 50 mg/kg for 4 days. Three patients received busulfan 40 mg/m 2 /dose every 6 h for 2 days and one received procarbazine 12.5 mg/kg for 3 days, in addition to cyclophosphamide. All patients received TBI following chemotherapy. Eight patients received TBI in a single dose and two fractionated TBI. Two patients received splenic irradiation for massive splenomegaly.
GVHD prophylaxis
Patients received GVHD prophylaxis as shown in Table 2 . Four patients received methotrexate, ATG, prednisone 13 and two received 'short-course' methotrexate and cyclosporin A. Two patients received marrow ex vivo T cell depleted by counterflow elutriation, cyclosporin A and prednisone 14 and one patient received cyclosporin A and prednisone. 15 The remaining patient received erythrocyte rosette-depleted marrow and no additional prophylaxis. 16 
Donor and recipient compatibility
Patients and donors were typed for HLA-A and B using serological techniques identifying all WHO-recognized specificities current at the time of transplant. Five pairs of patients were typed for DRB1 by high resolution typing. The remaining pairs, transplanted in previous years had serologic DR typing ( Table 2 ). Five patients received stem cells from family members and five received unrelated donor (URD) stem cells of which one was umbilical cord blood (UPN 2270). Potential unrelated donors were located through a network of national and international bone marrow donor registries as previously described. 17 Three patients received HLA A,B DR matched sibling donor marrow, one received A,B DR matched marrow from an aunt, and one received marrow from a father (5/6 match GVHD vector; 4/6 match rejection vector). Two received URD marrow matched at HLA A,B and DRB1, one URD marrow with an A locus mismatch and one URD marrow with a B locus mismatch. One patient received URD cord blood with an A locus mismatch, supplied by the New York Blood Center. 18 
Analysis of outcomes
Graft-versus-host disease was diagnosed and graded by standard criteria. 19 The day of neutrophil engraftment was the first of 3 consecutive days on which the absolute neutrophil count was Ͼ0.5 × 10 9 /l. Secondary graft failure was defined as an absolute neutrophil count Ͻ0.5 × 10 9 /l for 3 consecutive days after achieving initial engraftment, in the absence of an infective or drug-related cause of cytopenia, or return of autologous hematopoiesis. Donor origin of reconstituted cells were documented using molecular markers 20 and chromosome analysis. 
Results
Engraftment and chimerism
Post HCT outcomes are summarized in Table 3 . Eight of 10 patients engrafted at a median of 25 days (range 16-28 days). Two patients (UPN 0306 and 2122) failed to achieve engraftment by the time of death, 52 days and 34 days, respectively, from transplant. Secondary graft failure with autologous marrow recovery was seen in two patients (UPN 0070 and 1990), 251 and 607 days after transplant. Both patients showed mixed donor chimerism in the immediate post-transplant period with progressive loss of donor engraftment until full autologous recovery. Following autologous recovery, UPN 1990 received 6 months of gamma interferon and 3 months of alpha interferon therapy. UPNs 0784 and 2496 currently have stable partial donor chimerism. Both initially had Ͼ50% donor chimerism but showed a steady decline in the proportion of hematopoietic cells that are of donor origin, and both are currently stable with 1-10% donor cells by RFLP. Donor chimerism was complete and engraftment was sustained in three patients. However, two of three patients expired from transplant-related complications 208 and 237 days from transplant. One patient continues with complete donor chimerism 2 years post HCT. Hypercalcemia following transplantation was not seen in any of our patients.
GVHD
Grades I-III acute GVHD occurred in four of eight patients who achieved donor engraftment (Table 3) . One patient developed extensive chronic GVHD involving the respiratory and gastrointestinal tract (UPN 0205), which contributed to death. The four patients without GVHD all received HLA-identical marrow from siblings.
Survival
At the time of analysis (April 1998), five of 10 patients are alive, a median of 4 years post HCT (range 2-18 years). Five patients died between 34 and 209 days post HCT from transplant-related complications (Table 3) . Four patients died of interstitial pneumonitis leading to respiratory failure, in one case associated with extensive cGHVD. One patient died from disseminated Aspergillus infection without engraftment (UPN 2122). Of the five surviving patients, one currently has full and two partial donor chimerism. Two patients with initial partial donor chimerism subsequently had full autologous reconstitution 251 days and 607 days from transplant (UPN 0070 and 1990). UPN 1990 showed no resolution of symptoms following transient initial engraftment and now has severe progressive disease. The patient is anemic and thrombocytopenic and transfusion dependent. In contrast, UPN 0070 who also had only transient donor engraftment, survives more than 18 years after transplantation with normal blood counts. Bone marrow biopsies up to August 1995 show focal areas of osteopetrosis. She is blind in her left eye, but has normal development, intelligence, hearing and is post pubertal. She is short and her bones are extremely sclerotic. At last contact (1996) she was attending college.
The two patients with continuing partial donor chimerism show no evidence of progressive disease. UPN 0784 is blind in the left eye, and visual acuity in the right is markedly decreased but considered stable. Recently, he has developed bilateral cataracts. He attends fifth grade, uses specialized equipment for reading within the main classroom, is learning braille and is doing well academically. He hears well. Height and weight are below the 5th percentile for age, and he receives thyroid and growth hormone supplements. He suffers from malocclusion and multiple dental erosions. Hematological indices and pulmonary function tests are normal. UPN 2496 is also visually impaired, with some light perception bilaterally. He hears well, height and weight fall below the 5th percentile for age, and although he continues to gain milestones, development is significantly delayed by comparison to chronological age. His blood counts and bone marrow biopsies are normal. Skeletal radiological changes consistent with disease are no longer present. UPN 2270, with full donor chimerism, has shown no signs of disease progression after transplantation. His height and weight are below the 5th percentile for age. He has had surgery for optic canal decompression and his visual acuity is 20/380 for each eye and stable. He has mild posterior subcapsular cataracts bilaterally. He hears well and is on Synthroid (Knoll Pharmaceuticals, USA). His development is 9 months delayed for chronological age of 36 months. His blood counts and bone marrow biopsies are normal.
Discussion
Autosomal recessive osteopetrosis presents during infancy with variable clinical expression as a result of osteoclast dysfunction. 1 Bone remodeling occurs continuously through the resorption of old bone by osteoclasts and the laying down of new bone by osteoblasts and in osteopetrosis, imbalance between bone resorption and new bone formation lead to increased skeletal mass. 2, 3, 21 Osteoclasts and osteoblasts are derived from marrow progenitor cellsosteoclasts from hemopoietic stem cells and osteoblasts from marrow stromal cells. 2 While numerous molecular defects have been described in rodent models of osteopetrosis, the human genetic defect(s) remains unclear. It is thought that the defect could be intrinsic to the osteoclasts or to the mesenchymal cells that constitute the microenvironment supporting the development and activation of the osteoclasts.
2 Some patients have associated renal tubular acidosis and cerebral calcification; and in this group of patients, the defect has been identified as carbonic anhydrase II inhibitor deficiency. 2, 3 In another subgroup of patients, osteoclast dysfunction has been associated with craniometaphyseal dysplasia. 2 A defect in leukocyte superoxide formation related to defective bone resorption is present in patients with osteopetrosis. 4 In the osteopetrotic murine model (op/op), macrophage colony-stimulating factor is absent, however there is no evidence that this occurs in humans. 2, 22 Taken together these data suggest heterogeneity in the genetic basis for the clinical phenotype of osteopetrosis. In untreated patients, the risk of developing impaired hematopoiesis and visual impairment secondary to optic atrophy is about 75%.
1 Early visual and hematological impairment, especially before 3 months of age, carry a very poor prognosis for survival. 1 HCT replaces recipient osteoclasts with those of donor origin, although osteoblasts remain of recipient origin. 23 HCT is the only potentially curative treatment for osteopetrosis.
We describe HCT in 10 children with osteopetrosis treated at a single institution. Our analysis shows that eight of 10 patients achieved primary engraftment. In the two patients that failed to engraft, one received T cell-depleted marrow from a haploidentical parent and the other was transplanted late in the disease course when bone sclerosis and loss of marrow cavities were far advanced. In addition, two patients showed secondary graft failure with autologous reconstitution of hematopoiesis. One of these had received a relatively lower dose of TBI; the second patient was transplanted relatively late and had severe disease at the time of transplantation. These features may have impaired engraftment. Transient engraftment improved hematological indices in one patient but, a second patient with transient engraftment showed no benefit and has severe progressive osteopetrosis. This difference may reflect heterogeneity of the disease itself, as some murine models of osteopetrosis also do not respond to transplantation. 2 Patients with stable partial and full donor chimerism have no clinical evidence of progressive disease. They have normal blood counts, bone marrow biopsies and complete resolution of radiological features of osteopetrosis. These data indicate that achieving sustained engraftment is a significant problem in children with osteopetrosis, particularly in the setting of increased HLA disparity and/or advanced disease.
Quality of life post transplant was significantly influenced by the severity of symptoms at presentation. Visual impairment at presentation was irreversible. Neuropsychological development was variable, with younger children showing delay, but the two older patients attend mainstream school and college. Growth generally continued along the percentile achieved at the time of presentation, with very little catch-up growth, similar to earlier reports. 24 Age at transplantation and the quality and durability of engraftment all play a role in determining clinical outcome.
In this study of children receiving HCT for osteopetrosis, we show that engraftment is a significant problem, especially in patients with advanced disease. Increased intensity of conditioning therapy may improve engraftment as seen in three patients who received cyclophosphamide, busulfan and TBI, although only partial donor chimerism was achieved in one of the three patients. Achieving donor chimerism remains a major limitation on the success of HCT in osteopetrosis and difficulty is likely due to disease progression with loss of marrow space and progressive hepatosplenomegaly. Early referral and transplantation is probably the best approach to this problem. Interestingly, transient or partial donor chimerism can be sufficient to correct the hematological complications of osteopetrosis, although disease heterogeneity may influence eventual outcome.
We conclude that HCT offers an effective therapeutic option for this disease which otherwise carries a very poor prognosis. In the absence of a matched family donor, unrelated marrow or cord blood donors are a suitable alternative. Early transplantation offers the best option for limiting neurosensory defects and impairment of growth and development. Additionally, engraftment may be easier before disease becomes advanced. We recommend early referral of infants with osteopetrosis to a transplant center.
